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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a coated transparent substrate that is used in a flying 
height tester that measures the height of an air bearing between a disk and a recording head 
5 of a hard disk drive. 

2. Description of the Background 

Hard disk drives contain a number of magnetic recording heads which 
magnetize and sense a rotating magnetic disk. The recording heads are integrated into 
a slider which has aerodynamic features that create an air bearing between the head 
10 and the rotating disk. The air bearing prevents contact and corresponding mechanical 
wear of the recording head. A slider is further assembled to a flexure arm to create a 
head gimbal assemblv (HGA). 

The sliders are tvpicallv tested in a flying height tester before being installed into 
a hard disk drive assemblv. Flving height testers measure the height of the air bearing 

15 to insure that the slider complies with manufacturing specifications. Flying height 
testers typically contain a loader which places each slider adjacent to a rotating 
transparent disk. A beam of light is directed through the glass disk and reflected off of 
the slider surface. Multiple reflections occur at the glass/ air and slider/ air interfaces, 
creating an interference pattern that is detected and analvzed by the tester to determine 

20 the flving height of the slider. The current industry standard is the Dynamic Flying 
Height Tester (DFHT) made by Phase Metrics, Inc. which is now part of KLA-Tencor, 
Inc. the assignee of the present application. The DFHT utilizes multiple wavelength 
intensity based interferometrv to determine the flying height. 
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The measurement sensitivity of DFHT depends on the slider flying height which 
is increasingly becoming lower and lower to increase the coupling between the 
magnetic head and disk. Theoretically, the DFHT has zero sensitivity at zero flying 
height if the slider air bearing surface material possesses no imaginary part (k) for the 
5 refractive index. Materials possessing vanishing k in the visible region include BK7 

glass and AI2O3. Fortunately, typical air bearing surface materials are AlTiC, a granular 
material made of AI2O3 and TiC The k value of AlTiC is such that the zero sensitivity 
flying height is shifted to about negative 10 nm, making low positive flying height 
measurement possible for DFHT. 

10 Sliders are increasingly designed to operate in or near contact with the disk. The 

contact may create undesirable wear on the slider or disk during the flying height test. 
As the flying height gets lower and lower, there is an increasing concern about the 
tribology of the slider-disk interface such as the disk-surface smoothness. One possible 
solution is to apply a thin layer of diamond-like carbon (DLC) coating onto the disk. 

15 This, however, has the disadvantage of shifting the intensity minimum from a negative 
flying height to a positive flying height (due to the refractive index of the slider surface). 
As a result, the measurement sensitivity of the flying height tester is much reduced at 
low flying height. In addition, sometimes it is desirable to measure the flying height on 
the AI2O3 cap where the magnetic transducers are located. The current DFHT does not 

20 have the sensitivity to measure on AbCh at very low flying height. Furthermore, 

magnetic head manufacturers are changing the air bearing surface materials, some of 
which have very low k values making measurement at near contact flying height 
impossible. 

There have been several attempts trying to replace DFHT, which is an intensity 
25 based interferometer. There was marketed a flying height tester by Zygo Corp. The 
technology is explained in US patent 5,557,399 issued to DeGroot. The Zygo machine 
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utilized a polarized coherent light beam that is reflected from the disk and slider at an 
oblique angle. In theory, the technology should have high sensitivity at zero flying 
height. But in practice, it faced many fundamental limitations. The most difficult one is 
the birefringence in the fast-rotating glass disk due to the centrifugal force in the disk. 
5 The birefringence rotates the polarization of the returning light beam and makes 

accurate flving height measurement extremely difficult. In addition, the birefringence 
effect is more pronounced at an oblique angle away from normal incidence, and is 
proportional to the square of the angular velocity of the spinning glass disk. 

There has also been developed a flying height tester by the assignee the present 
10 application, formerly Phase Metrics and currently KLA-Tencor, which is disclosed in US 
patent 6,184,992 in the name of Duran et al. In the Duran patent a birefringence element 
such as a Savart plate is used to split the light reflected from the slider/ disk interface 
into an ordinary beam and an extraordinary beam, thereby creating a double image of 
the slider/ disk interface. The technology is based on phase shifting interferometry and 
15 in principle has very good sensitivity at zero flying height. However, in practice, this 
technology is not robust on the AlTiC grainy surface and suffers from instrument 
vibration as well as glass birefringence even in the normal incidence case. 

For those skilled in the art, it is easy to understand that for an intensity based 
interferometer such as DFHT, coating on the glass disk with materials having refractive 

20 index smaller than that of the BK7 glass will shift the intensity minimum position more 
negative. MgF: is an example of such materials. However, these materials do not satisfy 
the stringent tribological requirements for flying a slider. Coating materials satisfying 
the stringent tribological requirements usually have refractive index higher than that of 
BK7 glass. A thin laver of these coating materials will shift the intensity minimum 

25 position in the positive direction, therefore reducing the measurement sensitivity at 
verv low flving height. 
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Over the years, the DFHT technology has been greatly improved. Examples 
include 0.01 micro inch gauge capability, automatic image based edge detection, and 
intelligent calibration algorithms. It would therefore be desirable to provide a 
transparent disk technology so that the mature DFHT technology can be extended to 
5 measuring zero flying height accurately on any slider air bearing surface. 
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BRIEF SUMMARY OF THE INVENTION 



The present invention is a method for providing a disk of an optical tester. The 
disk comprises a transparent substrate that has a first surface and an opposite second 
surface. The disk also includes a coating on the first surface of the transparent 
substrate. An identical coating can be applied to the second surface of the transparent 
substrate. The coating can have multiple layers of thin films. The coating material can 
have higher refractive index than BK7 glass. The present invention provides a method 
to determine the required thickness of the coating to enhance the sensitivity of zero 
flying height measurement. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates one example of the intensity curves at different flying heights for 
the three wavelengths used in a flying height tester assuming a diamond-like carbon 
coating thickness of 5 nm. 

5 Figure 2 illustrates one example of the intensity curves at different flying heights 

assuming a diamond-like carbon coating thickness of 50 nm. 

Figure 3 illustrates one example of the intensity minimum position versus coating 
thickness at three wavelengths. 

Figures 4A and 4B illustrate one example of two electric field vectors Rl and R2 in 
10 the absence of any coating, where Rl is the reflection off the glass-air interface and R2 is the 
transmission through the air-glass interface for the light reflected off the slider surface. 

Figures 5A and 5B illustrate one embodiment of the electric field vectors when there 
is a thin coating on glass when the coating refractive index is greater than that of glass. 

Figure 6 illustrates one embodiment of the electric field vectors when the coating 
1 5 thickness is X/ (4n<:) . 

Figure 7 illustrates one embodiment of the electric field vectors when the coating 
refractive index is less than that of glass. 

Figure 8 illustrates one example of the flying height at which the intensity is a 
minimum as a function of coating thickness for titanium dioxide assuming the slider is non- 
20 absorptive (k s = 0). 

Figure 9 illustrates one embodiment of a flying height tester. 
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Figure 10 illustrates one embodiment of a cross section of the disk used in a flying 
height tester. 
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DETAILED DESCRIPTION OF THE INVENTIO N 

Coatings on glass disks offer a way to improve the tribological properties of the 
glass surface as well as the interferometer signal produced by the gap between the glass 
and a second reflective surface of interest. Specific applications of interest include 
5 measuring the flying height of a disk drive slider on a rapidly spinning glass disk and 
the measurement of pole-tip recession using a slider positioned at a small gap distance 
between a glass reference flat. 

A coating or layer is deposited on a glass disk. In one embodiment the 
minimum thickness t of such a coating is X/ 4n c where A is the light wavelength, and n c 

10 is the refractive index for the coating material. Such a deposition may be performed 
through the use of an e-beam process, sputtering and chemical vapor deposition 
techniques or other processes for applying coatings. In one embodiment, the coating is 
a diamond-like-carbon (DLC) material. Alternatively, the coating may be a 
hvdrogenated or nitrogenated DLC material or any combination thereof. Since X, the 

15 wavelength of the light and n c , the refractive index for the coating material is known, 
the minimum thickness t of the coating may be ascertained. In addition, since the 
property n c of the coating is known, the optimal thickness t op may be determined 
experimentally as discussed in detail in the following sections. 

Theory of Operation 

20 Figure 1 illustrates one example of the intensity curves at different flying heights 

for the three wavelengths used in a flving height tester assuming a diamond-like carbon 
coating on the glass disk with the thickness of 5 nm. One example of such a flying 
height tester is the DFHT as marketed by Phase N4etrics, Inc (now part of KLA-Tencor, 
Inc). The flving height at which the intensity reaches minimum is found to be 15 nm, 17 
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nm, and 15 nm, respectively, for the three colors, green, red and blue respectively. This 
indicates that accurate flving height measurement around 15 nm would be impossible. 

In the present invention, the coating thickness is increased to above a threshold 
such that the intensity minimum is shifted towards a negative flying height value. It 
5 has been found that the coating thickness threshold is determined by ti=\/(4r\) in the 
absence of the absorptive part (k) of the refractive index, where A is the light 
wavelength and n c is the refractive index for the coating material. 

Figure 2 illustrates one example of the intensity curves at different flying heights 
assuming a diamond-like carbon coating thickness of 50 nm. The flying height at which 
10 the intensity reaches minimum is found to be -26 nm, -20 nm, and -11 nm, for the three 
colors, blue, green and red respectively. This shift in the negative flying height 
direction for the intensity minimum will result in significant sensitivity increase at the 
low flying height. 

Figure 3 illustrates one example of the intensity minimum position versus 
15 coating thickness at three wavelengths. At zero coating thickness, the negative value of 
the intensity minimum position is due to the non-vanishing slider k. As one increases 
the coating thickness, the minimum position increases rapidly to positive values first, 
and then decreases gradually to negative values. The actual behavior of the curves 
depends on the refractive indices of the coating. A schematic explanation is detailed in 
20 Figures 4 A and 4B and Figures 5A and 5B. 

An added advantage of the technique of the invention is the reduced slope of the 
curves as shown in Figure 3 near the threshold thickness A/(4n c ), as compared with the 
slope at near zero thickness. This indicates that errors in flying height determination 
stemming from errors in coating thickness will be reduced in proportion with the 
25 reduction in slope. 
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Figures 4A and 4B illustrate one example of two electric field vectors Rl and R2 
in the absence of anv coating, where Rl is the reflection off the glass-air interface and R2 
is the transmission through the air-glass interface for the light reflected off the slider 
surface. The phase angle between Rl and R2 is determined by n-(j) s , where 

5 (f) = arctan , " \ , and (n S/ k s ) is the refractive index of the slider surface material. As 

n) +k; -1 

the air gap distance h (flying height) increases, R2 rotates counter-clockwise while Rl 
remains fixed. The flying height at which the light intensity reaches a minimum is 
h um = — ~</> s which for a typical slider material is around -10 nm. 

Accordingly, in order for R2 to cancel out Rl, R2 has to rotate clockwise 
10 (negative flying height). The negative value facilitates the ability to measure low flying 
height accurately. In one embodiment, the slider material must have significant optical 
absorption. If the slider material has no optical loss, the light intensity will reach a 
minimum at zero flying height, resulting in zero measurement sensitivity at zero flying 
height. 

15 Figures 5A and 5B illustrate one embodiment of the electric field vectors when 

there is a thin coating on glass when the coating refractive index is greater than that of 
glass. When the coating thickness is fixed, Rl and R2 remain constants while R3 rotates 
counter-clockwise as the flying height increases. In order for R3 to cancel out R1+R2, it 
has to rotate counter-clockwise. This indicates that when the intensity reaches the 

20 minimum, the corresponding flving height has a small positive value. The measurement 
sensitivity at zero or low flying height is then at a minimum. 

Figure 6 illustrates one embodiment of the electric field vectors when the coating 
thickness is \/(4n c ). R2 and Rl are now aligned in the same direction. In order for R3 
to cancel R1+R2, R3 has to rotate clockwise, indicating that flying height at which the 
25 intensity is a minimum, is negative. 
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Figure 7 illustrates one embodiment of the electric field vectors when the coating 
refractive index is less than that of glass. It can be observed that the flying height at 
which the intensity is a minimum is negative if the coating is thin. However, such 
coating materials are difficult to find and they are usually not able to meet the stringent 
5 tribology requirements of the glass slider interface. 

The equations used to calculate the flying height from the measured intensity 
must be modified in the presence of coating materials on glass disk. It is well known 
that in the absence of coating and ignoring light scattering and depolarization effects on 
the slider air bearing surface, the measured light intensity is 

r~ + s~ -2a\vcos( - - +^ 5 ) 

10 h, — ' (1) 

l + /-~s" -2/\ycos( - - 
A 

where I P is the light intensity reflected off the top surface of the glass disk, Io is the 
intensity propagating inside the glass disk, r is the amplitude reflectivity of the glass 
disk r = — — - with n g being the glass refractive index, s is the amplitude of the slider 

2k 

surface, and </> = arctan , ~ \ . We can show that when the coating is present, the 

/?; + k; - 1 

15 above equation must be modified to 

| a | 2 + | b r r 2 -2\ab | /' cos( - + <f> s + 5 {) ) 

' = ',+'»- — — — sr- — - (2) 

\c\~ + \d\ r; -2\cd \ t\ cos( + $ s + d 0 ) 



where 
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-r-e 2 "' r (\-r ( r) 
a = ; . 



b = - 



r c (,- -r)-e 2 " (!-/;/•) 



1 -r c r-e 2 '*' r ( (/; - r) 

c ~ ' 

/ V (1-;;/-)- g ^(/;-r) 

and r c is the coating-air reflectivity r c = — — -, 5 C is the phase shift inside the coating 

n c + 1 

S c = ^ mi(t( with rk being the refractive index for the coating and t c the coating 

A 

thickness. 5o is the additional phase shift due to the coating layer 



e- -r c -r gc 



n c - n 

In the above equation, r gc is the coating-glass reflectivity r = . If the coating 

material is slightly absorptive, n c is then complex. Equation (2) shows that the phase 
shift due to the coating is de-coupled from the phase shift due to the slider (n S/ k s ). This 
means that once the overall phase shift is measured for one slider material, the overall 
10 phase shift for other slider materials can be directly deduced. 

There are other candidates for coating materials that may satisfy the phase shift 
requirement. Examples include titanium dioxide and silicon nitride. For example, 
Figure 8 illustrates one example of the flying height at which the intensity is a minimum 
as a function of coating thickness for titanium dioxide assuming the slider is non- 
15 absorptive (k s = 0). From the figure, it seems that an optimum coating thickness can be 
achieved at 80 nm, corresponding to the blue minimum. This is due to the consideration 
that in order to measure the flying height accurately in the presence of coating, the 

coating thickness must be uniform. A minimum position for the curve corresponding to 
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the blue color (wavelength a = 450 nm) in Figure 8 indicates that the effect of coating 
thickness variation on flying height is minimized. Additional under layer for adhesion 
purpose and over layer for tribologv purpose may be added. 

Implementation 

5 Figure 9 illustrates one embodiment of a flying height tester 10. The flying 

height tester 10 is typically used to measure the height of an air bearing 12 created 
between a slider 14 of a recording head and a rotating transparent disk 16. The slider 14 
is typically mounted to a loader (not shown) which can allow an operator to place a 
new head thereon. The flying height tester 10 can therefore test a number of different 
10 sliders 14. Although a flying height tester 10 is shown and described, it is to be 

understood that the disk 16 of the present invention can be configured in other shapes 
and used in other optical testers such as an optical profilometer that utilizes an optical 
reference surface. 

Used in the flying height tester 10, the transparent disk 16 is rotated by a spindle 
15 (not shown). Rotation of the disk 16 induces a flow of air below the slider 14. The 
recording hear 14 has aerodynamic features which induce the formation of the air 
bearing 12 between the slider 14 and the rotating disk 16. 

The flving height tester 10 further includes a light source 18 which directs a beam 
of light 20 through the disk 16. The light beam 22h is reflected off the slider 14 and back 
20 through the disk 16. Part of the beam 22s also reflects off the interface between the disk 
16 and the air bearing 12. The two reflected light beams 22h and 22s create an 
interference pattern that is detected bv a photodetector 24. The photodetector 24 is 
coupled to a computer 26 that can determine the height of the air bearing 12 from the 
interference pattern. 
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Figure 10 illustrates one embodiment of a cross section of the disk 16. The disk 
16 has a substrate 28, which has a first surface 30 and an opposite second surface 32. 
The substrate 28 is typically constructed from a glass material such as BK-7 that is 
transparent to light. Other optical quality materials may also be used such as quartz, 
5 fused silicon or sapphire. 

In accordance with the principles of the invention, the first surface 30 of the disk 
16 may be covered with a coating 34. In general, the thickness of the coating 34 or 36 
should be greater than A/(4nc), where A is the wavelength of light and n c is the 
refractive index of the coating. In one embodiment, the thickness of the coating is 80 
10 nm for i\ of 2.39 and A of 450 nm. 

The coating 34 or 36 mav be a hvdrogenated or nitrogenated DLC material or 
anv combination thereof. In addition to providing a hard protective surface, the coating 
34 or 36 may also provide other favorable tribological properties such as lower stiction, 
lower friction and corrosion resistance. Additionally, the nitrogen content of 
15 nitrogenated DLC may be varied to reduce the amount of tribo-charging and resulting 
accumulation of debris and contamination on the surface of the disk 16. Reduced tribo- 
charging will plav an important role in testing MR heads. Furthermore, the DLC will 
also improve the adsorption of a lubricant that may also be applied to the disk 16. 

In one embodiment, the coating 36 is identical to the coating 34. The identical 
20 coating 36 mav be coated on the second surface 32 of the glass disk substrate 28 to 

facilitate the ease of use of the disk for the operator. One reason is that the coating can 
be transparent and visually it can be difficult to tell which side has the coating if only 
one side is coated. In addition, with coating 34 and/ or 36 on both sides (surfaces 30 and 
32 respectively), operators can easily flip the disk in case one surface is damaged 
25 instead of throwing away the disk. 
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While certain exemplary embodiments have been described and shown in the 
accompanying drawings, it is to be understood that such embodiments are merely 
illustrative of and not restrictive on the broad invention, and that this invention not be 
limited to the specific constructions and arrangements shown and described, since 
5 various other modifications may occur to those ordinarily skilled in the art. 
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